in the oligomer and showed a large rotation of domain spherical liposomes. A surface bound form with an intact bilayer (previously described in Gilbert et al., 1999) 4, accompanied by the release and disordering of domain 3 from its docked position against domain 2, recan be identified as the prepore form ( Figure 1A , inset, single lines), and a short, neck-like structure surroundsulting in a bent subunit conformation. In the presence of cholesterol-rich liposomes, PLY formed oligomeric ing a hole in the bilayer is clearly the pore form ( Figure  1A , open rectangle). Around 900 side views of both rings bound to the membrane surface. A 3D reconstruction of this membrane-surface bound form showed the membrane bound forms, along with some end views, were extracted from the same set of 135 micrographs. monomers in an extended conformation, with only the bottom of domain 4 contacting the membrane. The biWhen the 37°C incubation was maintained for 5-10 min, the protein bound liposomes appeared to disinteglayer was continuous under the rings. This membranesurface bound oligomer was subsequently identified as rate or aggregate (data not shown). If the sample is incubated at room temperature, stable liposomes are obthe prepore form (Gilbert, 2002) .
Here we present a greatly improved structure of the served with only prepore rings (Gilbert et al., 1999), in agreement with previous findings (Shepard et al., 2000; prepore form and a 3D structure of the fully inserted pore form of pneumolysin, determined by cryo-EM and Heuck et al., 2003). The protein distribution on liposomes is not homogeneous. Liposomes heavily decorimage processing. The transition from the prepore to the pore form involves exceptionally large conformaated with prepores and pores often lie adjacent to naked ones. This may be due to differences in physical tional changes, with the initially extended molecule doubling over into a bent conformation, extruding parts properties such as membrane surface tension or to cooperative changes in the protein-liposome complexes. of domain 3, and deforming the membrane to form a gigantic β barrel piercing the bilayer.
There was a wide range of liposome diameters, but no correlation between membrane curvature and protein binding was observed. Results
Adding PLY to cholesterol-rich liposomes on ice and
Cryo-EM Map of the Prepore Side-view images of the prepore rings show two charincubating briefly at 37°C yields a mixture of liposomes with membrane bound oligomers associated with either acteristic spikes defining the edges of the oligomers (Gilbert et al., 1999; Figure 1B ). Images of these rings continuous or discontinuous bilayers, naked liposomes, and free PLY rings not associated with membrane. A were extracted from the micrographs, aligned, and sorted into classes according to their features. Averagcryo-EM image of the preparation is shown in Figure  1A . Two different membrane bound forms are distining the images within classes substantially improves the signal-to-noise ratio and structural detail (Figure guishable in tangential views through the edges of the 1C). The bilayer is unbroken beneath the prepore, but projections of the two forms are quite distinct ( Figures  2E and 2F ) and allow the two conformations to be disprotein density penetrates into the upper leaflet. The symmetry of the prepore was estimated by comparing tinguished in end views. In order to check the reliability of the pore structure, the ring diameter to that of end views for which the subunit number could be determined by rotational symsmall wedges of density corresponding to three adjacent subunits were extracted from the 38-and 44-mer metry analysis. An initial 3D reconstruction was generated by applying the estimated symmetry to the sidemaps. These were aligned and their weighted average was calculated. ( Figure 4A ; blue, green, and red, respectively) is easily recognized in the prepore density and can be readily fitted. A pocket in the density corresponds to the hole Cryo-EM Maps of Membrane Pores The pores are clearly recognizable since they form in the structure between domains 2 and 3. Domain 4 (yellow, PFO residues 391-500) is shifted up and to the large holes in the membrane and are accompanied by dramatic changes in the protein shape and in its relaleft by w15 Å relative to its position in the monomer crystal structure in Figure 4A (arrow) and is twisted tionship to the membrane ( Figure 1E ). Even on the raw images it is evident that the bilayer is broken and the about its long axis to fit into the narrow stem of density. The shift of domain 4 relative to domain 2 shows that angle between the membrane bilayer and the plane of the ring is larger. (It should be noted that surrounding there must be significant distortion of their interface in the prepore oligomer. The topology of the central β areas of membrane contribute to these side-view projections.) The pore images were processed in the same sheet (red) and short flanking helices (orange) in domain 3 is shown on the right of Figure 4A . The prepore way as the prepores, but the pores vary more in diameter (320-430 Å). Isolated pore views were less abundensity clearly accommodates the helical regions. The group of helices on the inside of the ring (on the right dant in the images because aggregation of the porecontaining liposomes caused them to be obscured by of the section in Figure 4A ) fits neatly into a bulge in the density. overlapping structures. The images were mainly distributed in two size groups corresponding to 38-mer and Examination of the oligomeric packing reveals some minor clashes in intersubunit packing in domains 1 and 44-mer forms. In both cases the class averages confirm that the protein density protrudes less from the mem-3 (PFO residues 135-140 with 156-160 and 354-356 in domain 1; 326-332 with 178-182 and 225-227 in dobrane surface ( Figures 1F and 1H) .
Three-dimensional reconstructions were calculated main 3). Because of these clashes, the loop containing residues 134-142 in domain 1 was omitted from the fifor the two pore diameters observed. The symmetries were estimated in the same way as for the prepore nal fit. The view of three adjacent subunits from outside the ring reveals that domains 1-3 pack well into the form, with an uncertainty of ±3 subunits. Class averages used to generate the 3D reconstructions are density but that there is some sideways tilt of domain 4 relative to its orientation in the crystal structure ( Figure 2D ) that is absent in the prepore, and a thin wall prepore is similar to that in our earlier study but is much better defined in the present work. of density lines the pore (bracket, Figure 2D ). The end , domain as rigid bodies from the PFO monomer crystal structure. Domains 1 and 4 are still recognizable, but the 3 was twisted slightly to allow the formation of a continuous β sheet around the ring. Domain 4 (yellow, 391-entire molecule is doubled over into an arch, with a thin sheet of density forming a wall around the edge of the 500) was fitted intact into the density connecting to the membrane surface. pore. In order to approximate a fit to the pore structure, the PFO crystal structure was separated into six rigid
The view from outside of the ring shows that the subunits pack consistently into the density ( Figure 4D ). As bodies as described below, and these were fitted separately into the density.
in the prepore, the oligomeric contacts are made by domains 1 and 3, and the packing between adjacent Domain 1 (blue, PFO numbering 91-172, 231-272, 354-373) was fitted intact except for 23 N-terminal resisubunits is looser at the level of domains 2 and 4. The same loops in domains 1 and 3 give minor clashes in dues that protruded from the density ( Figure 4C Figure 5A) . by the CDCs. It is now clear that our previously reported membrane bound form is the prepore state and In the 38-mer this would contain 152 β strands; the 44-mer would contain 176. In the case of the 38-mer, the the new form described here is PLY in the pore state. In our previous work we considered the possibility that barrel circumference with 152 vertical strands spaced at 4.8 Å would be 729 Å, in agreement with the obthe surface bound form was the pore with a disturbed but not broken bilayer since the preparation kept at served pore circumference of w730-790 Å. Even with the larger figure, the additional circumference per subroom temperature had hemolytic activity and no other membrane bound structures were seen by EM (Gilbert unit only allows the hairpins to incline around 2°from the barrel axis. et al., 1999). We subsequently discovered that it was necessary to heat the samples to 37°C to form suffiAnother remarkable feature of the pore structure is the deformation of the membrane bilayer. Relative cient numbers of pores for observation by EM. Remarkably, the helical oligomers formed at high protein conto the plane of the PLY ring, the membrane interacts with the protein at a steeper angle in the pore form than centration and room temperature in the absence of membranes (Gilbert et al., 1999) show a bent protein in the prepore (Figures 2C and 2D ). This deformation is responsible for the vase-like shape of small liposomes conformation that resembles the pore state. with a single pore ( Figure 1A The atomic structure docking reveals that oligomerizaring is fully assembled, the major conformational transition takes place-domain 2 folds in half, fully dissociattion contacts are formed by domains 1 and 3. Despite the large conformational changes that occur between ing from domain 3 and lowering it by 30 Å to approach the membrane surface. Interestingly, the two halves of prepore and pore forms, the oligomer contacts remain Figure 4A . The cross-section of one side of the pore structure was rotated by 13°in order to bring the membrane bilayers into register and allow comparison of the protein subunit conformational changes relative to the membrane surface. Green arrow, direction of movement from the extended to the bent conformation.
domain 2 have some conserved charged residues, so to the membrane (Nakamura et al., 1995) . Although the conformation of the tryptophan loop cannot be detera favorable electrostatic interaction may be formed in mined from our maps, the fitting clearly places it in the the folded conformation. This conformational change upper leaflet of the bilayer, oriented toward the outer explains why the PLY mutation R31C (equivalent to F63 edge of the pore ( Figure 4C ). in PFO) in the region of the sharp bend of domain 2 in
The refolding of two helical regions on domain 3 into the pore conformation reduces cytolytic activity by membrane-inserted β hairpins was proposed on the ba-25% (Hill et al., 1994) . The AFM study reports a 40 Å sis of hydrophobic probe mapping indicating the inserdecrease in height above the membrane between pretion of alternate residues into a lipid environment conpore and pore forms in PFO (Czajkowsky et al., 2004) , sistent with a β sheet conformation (Shepard et al., in good agreement with our 3D structural findings. The 1998; Shatursky et al., 1999). In the prepore structure, authors of that study have proposed that a change in domain 3 is too far above the membrane to make condomain 2 is responsible for the height decrease, a hytact, but the collapse of domain 2 in the pore structure pothesis that has been verified by our 3D structure debrings domain 3 close enough for the hairpins to insert. termination. An alternative to our proposal for the Although the alternating hydrophobic/hydrophilic patmechanism of shortening domain 2 by a sharp bend in tern is not very marked, sequence analysis of the CDC its β sheet is to convert its β strands into α helices.
family is consistent with the formation of amphipathic However, it is hard to see how three helices could fit β hairpins (R. Long, S.J.T., H.R.S., and L. Wernisch, uninto the density while maintaining the connections to published data). Since there is no 3D structural infordomains 1 and 4. 
